Background: Healthy cows consume large amounts of potassium and a sudden loss in appetite can lead to hypokalemia. The routine method to evaluate potassium homeostasis is the measurement of the extracellular potassium in plasma or serum, but this does not provide information about the intracellular potassium pool.
P otassium is the most abundant intracellular cation in animal and human tissue. It is essential for various physiologic processes such as cell volume regulation, electrolyte balance, membrane potential, and muscle contraction. 1 Therefore, changes in the amount of potassium available for metabolism might have serious consequences. Some authors divide this availability into external and internal potassium balance. 2, 3 External potassium balance is determined by input (intake with food) and output largely by kidney excretion. Potassium balance can therefore be disturbed by a decline in appetite or renal failure. Drugs having diuretic or mineralocorticoid effects such as isoflupredone acetate can also increase the potassium loss enhancing the excretion via urine. 4, 5 The internal potassium balance, which describes the distribution of potassium between intraand extracellular body compartments, is also influenced by numerous factors. Acidemia, ischemia, cell damage, alpha-adrenergic agonists, and heavy exercise all lead to a shift of intracellular potassium into the extracellular space, whereas alkalosis (administration of sodium bicarbonate), beta-adrenergic agonists, insulin (administration of glucose), and aldosterone cause a shift of potassium into the cells. [6] [7] [8] [9] Healthy cows take up large amounts of potassium with their feed (around 200-500 g/d depending on components) and eliminate substantial amounts of excessive potassium via their kidneys. 3, 10 However, a sudden decrease of feed intake and subsequently a sudden decrease in potassium intake can lead to hypokalemia as excretory mechanisms are not able to react fast enough and a basal potassium excretion via urine cannot be further reduced. 2 In cows, clinically apparent hypokalemia (paralysis) occurs only in cases when plasma potassium concentrations drop substantially below the reference range (<2.1 mmol/L), whereas moderately decreased plasma potassium concentrations between 2.2 and 3.5 mmol/L typically only result in differences in muscle function (gait, sitting down, and standing up) and muscle fasciculation. 11 Potassium ions are more abundant in the intracellular space than in the extracellular fluids (3.9-5.8 mmol/L extracellular versus 150-160 mmol/L intracellular). 12 The routine method for evaluating potassium homeostasis is measuring the plasma potassium concentration of cattle, but this reflects only the small amount of the extracellular potassium and cannot provide information about the concentration in the intracellular pool. However, the intracellular potassium is physiologically equally or even more relevant.
The aims of this study were to evaluate if cows with reduced feed intake suffer from potassium depletion or simply shift potassium between intra-and extracellular space by comparing the extracellular and intracellular potassium concentrations of cows with either a decreased feed intake or gastrointestinal ileus. We hypothesized that cows with decreased feed intake develop potassium depletion not only in the extracellular space but also in the intracellular compartment and that intra-and extracellular potassium concentrations are associated. The study aimed to examine the value of muscle tissue for the evaluation of potassium metabolism in cows. Further it was hypothesized that muscle tissue and not erythrocytes are the most appropriate sample material for the intracellular measurement of potassium.
Materials and methods
All protocols used concerning animal treatment were approved by the institutional ethics committee and the governmental animal protection authority according to national legislation.
Animals
The cross-sectional study was conducted including a convenience sample of 40 cows. Two groups of animals were defined for the study. Group 1 (20 cows) was recruited from healthy cows (15 Simmental cows with approximately 750 kg live weight, 5 Holstein Friesian cows with approximately 700 kg live weight) of the teaching and research farm of the Vetmeduni Vienna which were sampled immediately postpartum (1-3 days) as hypokalemia is a frequently reported condition during this period. 11, 13 The sampled cows were between 2.1 and 9.2 years old (4.29 AE 2.02). Dry cows are kept in a straw-bedded group pen and are fed corn silage, grass silage, hay, straw, high-protein concentrate (Rindastar 39 XP), a and minerals (Rindavit VK). b Ten days before the expected calving date, the cows were moved in a straw-bedded group calving pen. To facilitate adaption to the ration of the lactating cows, they were fed 1 kg of concentrate consisting of grain maize, wheat, rye, and minerals (Rindavit TMR 11 ASSCO) c additionally to the ration of the dry cows. They are integrated into the milking cow group 12 hours after calving. The milking cows are kept in a herd of 70 cows in a loose-housing barn with concrete floors and strawbedded cubicles. A basic ration consisting of grass silage, corn silage, a high-protein animal feed (Rindastar 39 XP), a and hay is fed 8 times a day by a feeding robot. Additionally, 2 kg of concentrate consisting of grain maize, wheat, rye, and minerals (Rindavit TMR 11 ASSCO) c is fed via an automatic feeding station. The amount of concentrate is adapted according to the individual milk yield. The health status of group 1 was confirmed by a physical examination. Body condition score (BCS) was estimated using a five-point scale.
14 The Simmental cows had a BCS of 3.5 AE 0.5, the Holstein Friesian had a BCS of 3.0 AE 0.5. Samples were always taken between 10.00 and 12.00 AM. Group 2 (20 cows) was recruited from the patient pool of the university clinic for ruminants of the Vetmeduni Vienna. The cows (16 Simmental cows, 2 Holstein Friesian cows, 1 Brown Swiss cow, and 1 crossbreed Simmental x Red Friesian cow) were referred to the clinic for surgery because of a gastrointestinal ileus. The most frequent diagnosis was left displacement of the abomasum (6 cases) followed by abomasal volvulus and volvulus of the small intestine (4 cases each). In addition, 3 animals suffered from hemorrhagic bowel syndrome, 2 cows had a dilated and displaced cecum and 1 cow had a paralytic ileus of unknown etiology.
Samples
A blood sample was obtained from the coccygeal vein or artery using a 2 mL lithium heparin (LHp) syringe.
d The blood sample was put immediately on ice and stored for a maximum of 1.5 hours until potassium measurement was performed with an ion-sensitive electrode (ISE) which is integrated in an electrolyte and blood gas analyzer.
e This device uses whole-blood lithium heparin samples to measure potassium in the blood plasma via optical fluorescence measurement. With this method, only free available potassium in the blood plasma is measured. One EDTA blood sample (for complete blood count) and 1 LHp blood sample (for the measurement of intracellular potassium in erythrocytes) were also collected from the coccygeal vein or artery using a vacuum blood collection system. f The muscle biopsy specimen was obtained from the gluteal muscles using a suction-modified Bergstrom muscle biopsy needle.
g 15 The gluteal muscle has also been used in previous publications 16, 17 and was chosen because it is easily obtainable and the biopsy area can be standardized. For this purpose, an approximately 7 9 7 cm large square of the skin was prepared aseptically. The skin was clipped, washed with iodine soap and finally cleaned and disinfected with 96% alcohol. Procaine hydrochloride h (5 mL of 2% solution) was injected SC for local anesthesia. Using a scalpel blade, a stab incision of about 7 mm length was made through skin and subcutaneous fat. Then an approximately 200 mg muscle biopsy specimen was obtained using the biopsy needle g , put into the sample vial i which was tightly closed and analyzed for tissue potassium (IDEXX laboratories Germany). Biopsy specimens were kept at room temperature until analyzed similar to studies which have been published recently. [18] [19] [20] The analysis was performed within 48 hours of sample collection. The incision was closed using 3.5 metric polyglycolic acid (PGA) resorbable suture material j and treated with an aerosol containing chlortetracyclinhydrochlorid. 
Sample preparation and laboratory analysis
For complete red and white blood cell count via flow cytometry, l EDTA blood samples were sent to the central laboratory diagnostic unit of the Vetmeduni Vienna. The potassium measurement in blood plasma was performed at the laboratory of the clinics for ruminants using an ISE incorporated in a blood gas analysis device.
e The potassium concentration in tissue and in the erythrocytes were measured by one of the authors (Dr. Anja M€ uller, Vet Med Labor GmhH, Division of IDEXX Laboratories, Germany) using inductively coupled plasma optical emission spectroscopy (ICP-OES) m which has been described previously. [18] [19] [20] Dr. M€ uller was blinded to the origin of the samples. For the measurements of intracellular potassium concentration in erythrocytes, 1 mL of the heparinized blood was mixed with physiologic NaCl solution and centrifuged. The supernatant was discarded. This procedure was repeated 3 times. Then samples were dried over night at 70°C and afterwards weighed, mixed with 1 mL HNO3 Suprapur. n The erythrocytes were then dissolved using a hot (70-80°C) ultrasonic bath.
o As the potassium concentration of all erythrocytes in 1 mL of Heparin blood was measured with this method, the values were corrected to a hematocrit of 100% using the formula (K in erythrocytes/hematocrit)*100, which has been described before. 21 The raw muscle samples were weighed, mixed with HNO3 Suprapur n and thermally processed. Finally, the diluted samples were again analyzed using ICP-OES m with emission line 766.491 nm according to the standard operating procedure of the laboratory. 
Statistical analysis
The results were evaluated by using a statistical software package.
q Descriptive statistics has been conducted calculating arithmetic mean values and standard deviation (SD). Data were expressed graphically using boxplot diagrams. Normal distribution was tested using Kolmogorov-Smirnov Test. The data were normally distributed, therefore t-test for independent samples was performed to test statistical hypotheses concerning differences between group 1 and 2. Assumption of equal variances was tested using Levene's test. There was no significant difference between the variances of the groups for potassium concentration in muscle tissue and erythrocytes, therefore t-test for equal variances was performed. For potassium concentration in plasma, equal variances could not be assumed, therefore a correction according to Welch was carried out (Welch t-test). P-values < 0.05 were considered significant. Associations between different variables have been evaluated by linear regression analysis and calculation of Pearson correlation coefficients. For evaluation of a curvilinear relationship, Spearman 0 s rho correlation coefficients were calculated in addition.
Results

Plasma potassium concentrations
The plasma potassium concentration of cows postpartum (group 1) ranged between 3.6 mmol/L and 4.9 mmol/L with a mean of 4.22 mmol/L and a standard deviation of 0.37. There was no difference in plasma potassium concentration between the 2 used breeds in group 1 (Holstein Friesian and Simmental cows). Cows with gastrointestinal ileus (group 2) showed a variably developed hypokalemia. Potassium concentrations ranged between 1.7 mmol/L and 4.4 mmol/L with an arithmetic mean of 2.9 mmol/L and a standard deviation of 0.78 (Fig. 1) . Some of the hypokalemic cows showed muscle tremor, but no other signs of paralysis were observed.
Intracellular potassium concentrations
The intracellular potassium was considerably higher than blood plasma potassium and differed significantly between erythrocytes and muscle tissue (P < 0.001). The amount of intracellular potassium measured in erythrocytes and corrected to a hematocrit of 100 varied very widely, ranging from 3497 mg/kg to 10735 mg/kg dry weight in group 1 with a mean value of 5559 mg/kg dry weight and a standard deviation of 2002 mg/kg. Group 2 showed similar results: minimum intracellular potassium was 4139 mg/kg dry weight, maximum 21678 mg/kg dry weight, mean value 7473 mg/kg dry weight, and standard deviation was 4034 mg/kg (Fig. 2) . Although erythrocytes of group 2 had a slightly higher intracellular potassium values, there was no statistical significant difference between group 1 and group 2 (P = 0.065).
The concentration of potassium in muscle tissue also did not differ between group 1 and group 2 (see Fig. 3 ). In group 1, muscle tissue potassium content ranged from 1333 mg/kg wet weight to 4641 mg/kg wet weight with a mean value of 3356 mg/kg wet weight and a standard deviation of 735 mg/kg wet weight. Group 2 showed a minimum value of intracellular potassium in muscle tissue of 2164 mg/kg wet weight, a maximum value of 7408 mg/kg wet weight, a mean value of 3407 mg/kg wet weight, and a standard deviation of 1069 mg/kg wet weight. Again there was no significant difference between these figures (P = 0.86).
Associations of potassium between different compartments
Associations between the extracellular blood plasma potassium values with the corresponding intracellular potassium concentrations in erythrocytes and muscle tissue were calculated. Associations were calculated separately for group 1 (normokalemic cows) and group 2 (hypokalemic cows). As shown in Figs 4 and 5, there was no meaningful association between plasma potassium and intracellular potassium concentration, whether in erythrocytes or in muscle tissue. Additionally, Pearson correlation coefficient and Spearman 0 s rho were calculated for the 3 compartments. There were no statistically significant correlation coefficients (Table 1) .
Discussion
The underlying theme of these studies was that in bovine veterinary practice, hypokalemia is an underestimated problem. Furthermore, veterinarians only measure extracellular potassium in blood samples in daily clinical routine. The intracellular potassium is usually not considered when evaluating potassium balance. The main findings of the present study were: firstly, that cows of group 1, which were sampled 1-3 days postpartum did not develop hypokalemia. Secondly, there was no association between the intracellular potassium pool and the blood plasma potassium concentrations. And thirdly, erythrocytes did not appear to be a suitable sample material for the intracellular measurement of potassium. These findings underline the fact that we have to reconsider the classical methodologies for the evaluation of potassium metabolism in cows.
Cows postpartum were expected to have markedly decreased plasma potassium concentrations caused by a decrease of feed intake. This was reported previously by other groups. 11, 13 However, in our study, this was not the case. There are several possible explanations for this fact. Plasma potassium concentrations could have been affected by the loss of appetite and reduced feed intake around parturition, but did not drop below the reference range. In order to determine a slight decline of serum potassium, daily measurement over some weeks before and after parturition would be needed. It might also be possible that a decline in plasma potassium values can be observed only in a later period postpartum. Plasma potassium concentrations of cows 2 and 7 weeks postpartum resembling ours have been published before but only 5 cows were used in this study. 22 Potassium in plasma harvested from heparinized blood samples shortly after parturition has been measured in an older study. 23 Blood plasma potassium values of cows at parturition (paretic and nonparetic) with blood plasma potassium concentrations of cows 5-18 days after parturition and nonparturient cows were compared. There were no statistically significant differences between the 3 groups. However, decreased potassium concentrations in the semitendinosus muscle of paretic parturient cows compared with nonparetic parturient cows have been found. Decreased extracellullar calcium concentrations cause an increase of membrane permeability for sodium and potassium. Therefore, intracellular potassium could easily have been moved into the extracellular space and so lead to the reduced intracellular potassium concentrations found and implied that effects of potassium depletion would not be seen automatically in the extracellular space because of a redistribution of the cation in the different compartments. 23 Another important factor inducing hypokalemia by a shift of potassium into the intracellular space is treatment of ketosis with glucose or gluconeogenic steroids. 11 However, none of the cows in group 1 were treated for either hypocalcaemia or ketosis before the sampling. It has been described that muscle tissue acts as a total body potassium store and therefore lean dairy breeds are more predisposed for the development of hypokalemia than beef breeds. 9 In our study, we sampled 5 Holstein and 15 Simmental cows (dual purpose breed) and there was no difference in blood plasma potassium concentrations between the 2 breeds. Possible preanalytic changes caused by sample storage might have possibly influenced the plasma potassium concentration. As analysis of the samples has always been performed within a maximum time span of 1.5 hours and they were placed on ice for a short period of time, it is reasonable to believe that sample storage did not have a significant influence on the measurement. By cooling heparinized blood samples, glycolysis, which is needed for energy supply for the sodium-potassium pump, is substantially inhibited. The sodium-potassium pump is responsible for keeping the intracellular potassium within the cell. If there is not enough energy for this pump to work, potassium can leak out of the cells, thereby causing a slight increase in blood plasma potassium. 24 Additionally, in the present study all cows of group 1 are kept on the University teaching and research farm, and had an optimized transitional period diet and management and so might have a less pronounced decline in dry mass intake during the period postpartum than usual.
Unsurprisingly, 90% of the cows in group 2 (cows with gastrointestinal ileus) suffered from a more or less pronounced hypokalemia, and this has been described in literature. 9, 25, 26 Hypokalemia has been proposed to be not only a consequence of but also an etiological factor of diseases associated with gastrointestinal obstruction like displacement of the abomasum. 27 The underlying mechanism seems to be a decreased contractility of the gastrointestinal smooth muscle cells caused by potassium deficiency in the extracellular fluid. 28 From this study however it is not possible to differentiate if hypokalemia was already present before the ileus or if the ileus was the primary condition.
However, the intracellular potassium concentrations of cows with gastrointestinal ileus did not differ from those of cows postpartum possibly the relatively sudden decrease in plasma potassium concentrations caused by the gastrointestinal obstruction was not long enough to lower the intracellular potassium pool. This conclusion is, however, limited by the fact that there are no established values for intracellular potassium of cows.
It has to be considered, that the used method also included a very small volume of extracellular (intercellular) fluid in our muscle samples, but potassium is mainly present in the intracellular space and this systematic measuring inaccuracy is similar for all samples. As the intercellular fluid volume is very small and this fluid has a low potassium concentration, it is not likely that this resulted in a major influence of the results. Further this influence was constant in all samples. Regarding the results of the muscle samples, the values are in a similar range as results from previously published papers about potassium in muscle biopsies 16 or in meat samples from longissimus muscle from cattle. 29, 30 The latter 2 authors used exactly the same analytical method as we did, which makes the results reasonably comparable even though postmortem samples from a different muscle group were used in their studies. However, during the preparatory work for the present study, we obtained muscle samples from the diaphragm of cows shortly postmortem at the abattoir. These results (2526 AE 103 mg/kg) did indeed differ significantly from the biopsies taken in vivo (3381 AE 453 mg/kg). It may be inferred that either the fact that carcasses instead of live animals were used for the sampling or the different locations (muscles) of the sampling had a major influence on the intracellular potassium concentrations. Johnson et al. 16 used the same biopsy site as in the present study (middle gluteal muscle), however, their study was done in horses not cattle. The measurements in their 1991 study used atomic absorption spectroscopy instead of ICP-OES, which was not available then.
Some older studies published different results when measuring intracellular potassium in muscle samples, but used dry weight for their data. For example, examination of the intracellular potassium concentration in the gluteal muscle cells of downer cows and cows with parturient paresis with x-ray microanalysis delivered results between 12704 mg/kg and 17590 mg/kg. 17 Incidentally no differences in intracellular potassium concentrations between normally calving cows and cows suffering from parturient paresis were found which is not consistent with the results of others. 23 Results in a similar magnitude (between 15518 mg/kg and 17942 mg/kg) have been obtained using atomic absorption spectroscopy and semitendinosus muscle. 23 Assuming that the average muscle water content is 75%, we may estimate that the values are in the same magnitude as ours, when referring them to wet weight; albeit a direct comparison may not be conducted.
It might be that the potassium content in the muscle tissue has decreased with feed intake depression, which has resulted in a reduction in cell volume in order to maintain osmolarity. In this case, wet weight muscle tissue potassium concentration might not have changed, although there was a decrease in overall intracellular potassium. As we did not measure the tissue water content in our samples, we cannot exclude this possibility. We decided to transport our muscle tissue samples at room temperature, in very small sample containers, which were tightly closed to prevent dehydration or desiccation. Although a preanalytic influence on the results cannot be completely excluded, this influence would have been the same on all samples. Therefore, storage of samples is unlikely to be the reason for the wide variation in intracellular potassium concentrations reported in the present study. The alternative would have been to freeze the samples, which also would have an impact on the sample material.
The fact that there was no correlation between serum potassium concentration, erythrocyte potassium concentration, and intracellular muscular potassium concentration, has similarly been described for horses. 16 Linear and curvilinear regression were calculated separately for normokalemic and hypokalemic cows to confirm that plasma potassium concentrations have no influence on the correlation between the different compartments.
Regarding red blood cells, we did expect variable results as potassium concentrations in red blood cells seem to have a wide individual variation in ruminants 31, 32 and erythrocyte potassium concentrations are also influenced by different blood groups. 21 It might also be considered that the results of the present study are a momentarily reflection of the potassium balance, as we only took samples at one point of time. Numerous measurements would be needed to exclude temporary fluctuations in the potassium balance. However, this would enormously increase the costs of such a study but only slightly increase the precision of the results. The hypothesis of the study that cows after parturition have a decreased amount of potassium has not been confirmed, neither in blood plasma nor in intracellular space. However, at present there are no established intracellular potassium values for cows in muscle tissue and erythrocytes, which might be an issue for further investigations. As expected, erythrocytes, albeit easily obtainable, do not provide an appropriate sample material to measure intracellular potassium concentrations. Muscle biopsy with a Bergstrom needle can be easily performed and is a valuable tool to determine intracellular potassium. In daily routine practice, extracellular potassium measurement is the easiest and quickest method to obtain information about the potassium supply. The study results confirmed that plasma potassium concentrations alone are not sufficient to evaluate the potassium balance of the whole organism in cows. 
Footnotes
